Recent dynamical models of Solar System evolution and isotope studies of rockforming elements in meteorites have suggested that volatile-rich asteroids formed in the outer Solar System beyond Jupiter's orbit, despite being currently located in the main asteroid belt 1-4 . The ambient temperature under which asteroids formed is a crucial diagnostic to pinpoint the original location of asteroids and is potentially determined by the abundance of volatiles they contain. In particular, abundances and 13 C/ 12 C ratios of carbonates in meteorites record the abundances of carbonbearing volatile species in their parent asteroids. However, the sources of carbon for these carbonates remain poorly understood 5-8 . Here we show that the Tagish Lake meteorite contains abundant carbonates with consistently high 13 C/ 12 C ratios. The high abundance of 13 C-rich carbonates in Tagish Lake excludes organic matter as their main carbon source 5,9 . Therefore, the Tagish Lake parent body, presumably a D-type asteroid 10 , must have accreted a large amount of 13 C-rich CO2 ice. The estimated 13 C/ 12 C and CO2/H2O ratios of ice in Tagish Lake are similar to those of cometary ice 11,12 . Thus, we infer that at least some D-type asteroids formed in the cold outer Solar System and were subsequently transported into the inner Solar System owing to an orbital instability of the giant planets 1,3 .
consistently high  13 C values of approximately 70‰ (Fig. 2 and Supplementary Table 2) , which indicates the presence of a dominant carbon reservoir with a high  13 C value in the fluid. Thus, the distinct  13 C characteristics of CM and Tagish Lake carbonates suggest that at least two carbon reservoirs, one with high  13 C (>80‰) and another with low  13 C (<20‰) values, were accreted to the parent bodies in different mixing ratios (see Supplementary Information for arguments against other proposed scenarios).
Possible candidates of such carbon reservoirs would be CO2, CO and CH4 ices and organic matter. CO2 is the major C-bearing molecule in comets 15 . If organic matter contributed carbon to the carbonates, then it must have been first oxidized to produce CO2.
Oxidation of organic matter requires strong oxidants such as peroxide, possibly contained in ice 9 . The maximum amount of CO2 that could have been produced from organic matter in CCs is approximately 0.1 wt% (ref. 5 ), which is far lower than the amount of carbon in Tagish Lake carbonates (approximately 1.3 wt%; represented by weight percent of the carbonate carbon) 16 . Furthermore, the highest  13 C value observed for soluble organic compounds is approximately 60‰ (ref. 17 ), which is lower than the highest  13 C value of approximately 80‰ observed for CM carbonates. Therefore, given the consistently high  13 C values of the Tagish Lake carbonates, the source of high  13 C carbon was almost certainly 13 C-rich CO2 ice, which, after sublimation, dissolved in water to form the carbonates during parent-body aqueous alteration. This conclusion is consistent with the  13 C value of 65 ± 51‰ for CO2 in the coma of comet 67P/Churyumov-Gerasimenko recently measured by the Rosetta spacecraft 12 . In contrast, the carbon reservoir(s) with a low  13 C value are poorly constrained, although organic matter seems most likely (see
Supplementary Information).
For the calculations below, we assume that the  13 C values of CO2 ice and the other as yet unidentified C reservoir are 80‰ and 20‰, respectively. We note that the uncertainty on these endmember compositions does not affect our conclusions (Methods).
The average  13 C value of CM carbonates, as obtained from whole-rock samples, is approximately 45‰ (ref. 5 ), which indicates that approximately 42% of the carbonate carbon would be derived from CO2 ice based on a mass-balance calculation (Supplementary Table 3 Other complications may be local temperature fields that were likely present in the solar nebula, especially around infant Jupiter 22 .
In contrast to the CM parent body, the Tagish Lake parent body formed where substantial amounts of CO2 could have condensed to ice, in common with comets, and mostly likely beyond the CO2 condensation front. The reflectance spectrum of Tagish Lake suggests that it is derived from a D-type asteroid 10 . Assuming that the CO2 Submitted to Nature Astronomy, Version June 24, 2019. and Zeiss Sigma). Carbonate grains were identified using energy dispersive X-ray spectroscopy equipped with the scanning electron microscope.
Nogoya is a moderately altered CM chondrite with a petrographic type of 2.3 (ref. 31 ). Significant amounts, but not all, of anhydrous silicate are aqueously altered to phyllosilicate. Carbonate minerals in Nogoya are predominantly calcite (CaCO3) and are dispersed throughout the matrix (Supplementary Fig. 1 ). Rare occurrence of dolomite (CaMg(CO3)2) has been reported previously [32] [33] [34] [35] , but it was not found in this study. 43, 44 . Note that we previously measured the O isotopic ratios of the same calcite grains with a NanoSIMS 50 (ref. 45 ). The data obtained with the NanoSIMS 50 and IMS 1280-HR are generally in good agreement, but the analytical precision of the IMS 1280-HR analyses was much better than that of the NanoSIMS 50
analyses. Therefore, we adopted the data obtained with the IMS 1280-HR for discussion. Estimate of CO2/H2O ratios of ice in CM chondrites and Tagish Lake. On the basis of the abundances and C isotopic ratios of carbonates, we inferred the abundances of CO2 ice accreted to the CM and Tagish Lake parent bodies. In addition, we needed to estimate the H2O abundances of CMs and Tagish Lake to deduce the CO2/H2O ratios of ice.
Assuming a closed-system behaviour of H2O (the case for an open system is discussed in the Supplementary Information), one can infer the H2O abundances of chondrites from the hydrogen contents of hydrous minerals. In a previous study, the hydrogen contents of hydrous minerals in CMs were calculated by subtracting hydrogen in organic matter from the bulk hydrogen contents 19 . The hydrogen contents in organic matter were calculated from bulk carbon contents and a H/C ratio of organic matter. It is assumed that the bulk carbon is entirely present in organic matter and the H/C ratio of organic matter is represented by that of insoluble organic matter (IOM) (0.055 by weight) 55 .
Likewise, the H2O abundance of Tagish Lake was estimated from the hydrogen content of hydrous minerals; we subtracted hydrogen in organic matter from the bulk hydrogen content. The bulk hydrogen contents of three Tagish Lake fragments, namely, 11i, 11h and 5b, are 0.738, 0.872 and 0.945 wt%, respectively 18 . We deduced the hydrogen contents of organic matter using the carbon contents and H/C ratios of organic matter represented by that of IOM. We calculated the carbon contents of organic matter in the three fragments (2.65, 2.83 and 2.81 wt%, respectively) by subtracting the carbon content of the carbonate (1.3 wt%) from the bulk carbon contents (3.95, 4.13 and 4.11 wt%, respectively) reported in the literature 16, 18 . The atomic H/C ratios of IOM in the three fragments were 0.51, 0.594 and 0.72, respectively 56 . Thus, the calculated hydrogen contents of hydrous minerals in the three fragments are 0.625, 0.732 and 0.776 wt%, respectively, and the average is 0.711 wt%, which corresponds to the H2O abundance of approximately 6.4 wt%.
Uncertainty of the inferred abundances of CO2 ice in CM chondrites and Tagish Lake. In the main text, we deduced the abundances of CO2 ice in CMs and Tagish Lake by mass-balance calculations, assuming that the observed C isotopic ratios of the carbonates reflect mixing between two carbon reservoirs, that is, 13 C-rich CO2 ice and another unknown reservoir poor in 13 C. Therefore, the calculated abundances of CO2 ice are dependent on the endmember compositions. As described in the main text, we assumed the  13 C values of the endmembers to be 80 and 20‰, and we found that ~42
and 80% of the carbonate carbon in CMs and Tagish Lake are derived from CO2 ice, respectively. Instead, if we assume the  13 C values of the endmembers to be 80‰ and -30‰, the latter of which is similar to the  13 C values of the trapped CO and free aromatic molecules in Murchison 57,58 , then we obtain about 68 and 89 % for the carbonate carbon fraction derived from CO2 ice. These modifications make the inferred CO2/H2O mole ratios of the CM ices higher by a factor of approximately 1.5, which does not change our conclusion that the CM ice has generally lower CO2/H2O ratios than comets, whereas the CO2/H2O ratio of the Tagish Lake ice is within the cometary range.
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